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Abstract. Rapid urbanization has contributed to an urban sanitation crisis in low-income countries. Residents in low-
income, urban neighborhoods often have poor sanitation infrastructure and services and may experience frequent
exposure to fecal contamination through a range of pathways. There are little data to prioritize strategies to decrease
exposure to fecal contamination in these complex and highly contaminated environments, and public health priorities are
rarely consideredwhenplanningurbansanitation investments. TheSaniPathStudyaddresses this needbycharacterizing
pathways of exposure to fecal contamination. Over a 16 month period, an in-depth, interdisciplinary exposure assess-
mentwas conducted in both public andprivate domains of four neighborhoods inAccra,Ghana.Microbiological analyses
of environmental samples and behavioral data collection techniques were used to quantify fecal contamination in the
environment and characterize the behaviors of adults and children associated with exposure to fecal contamination.
Environmental samples (n = 1,855) were collected and analyzed for fecal indicators and enteric pathogens. A household
survey with 800 respondents and over 500 hours of structured observation of young children were conducted. Ap-
proximately 25%of environmental sampleswere collected in conjunctionwith structured observations (n = 441 samples).
The results of the study highlight widespread and often high levels of fecal contamination in both public and private
domains and the food supply. The dominant fecal exposure pathway for young children in the household was through
consumption of uncooked produce. The SaniPath Study provides critical information on exposure to fecal contamination
in low-income, urbanenvironments andultimately can inform investments andpolicies to reduce thesepublic health risks.
INTRODUCTION AND RATIONALE
Urbanization, sanitation, and public health in low-
income countries. Rapid urbanization has contributed to a
growing sanitation crisis in cities in low-income countries.
Over half of the global population now resides in cities, and
this proportion continues to grow.1–3 Globally, it is estimated
that one-third of the world’s urban population lives in slums,
and in sub-Saharan Africa, close to two-thirds of the urban
population lives in slums.4 Slums in sub-Saharan Africa are
growing at a rate of 4.5%per year, double the global average.5
Rapid population growth has outpaced the capacity of exist-
ing urban infrastructure, including water and sanitation sys-
tems, to provide basic services. As a result, urban dwellers in
low-income settlements may live in very polluted environ-
ments and face elevated risks of enteric disease due high
population density, communal exposures, and inadequate
infrastructure and services to safely contain and dispose of
excreta and solid waste.6–10 In rapidly growing urban informal
settlements, under-five morbidity and mortality rates can be
higher than in rural areas.11–14
Globally, an estimated 2.5 billion people lack access to safe
sanitation, and the Millennium Development Goal (MDG) for
sanitation was not achieved.15 Goal Six of the 2015 Sustain-
able Development Goals (SDGs) moves beyond the MDG of
increasing access to toilets and now includes safe fecal
sludge management (e.g., the management of excreta from
containment to emptying, transport, treatment, and safe dis-
posal or reuse)which is especially critical in densely populated
areas.16 Goal Eleven of the SDGs also relates to urban sani-
tation and includes targets tomake cities safer, more resilient,
and sustainable.17 The SDGs place special emphasis on re-
ducing inequality and reaching the poor. Recently fecal waste
flow diagrams have been developed for many low-income
cities to describe the transport and fate of fecal sludge through
the city. These diagrams have been used for sanitation ad-
vocacy and show that the majority of fecal sludge often re-
mains within the residential environment and is untreated.18
The vast majority of cities in low-income countries lack the
infrastructure, capacity, or financial systems to deliver fecal
sludge management services.18 To meet the SDGs, govern-
ments and development partners need direction on how lim-
ited funding can best be used to improve sanitation and fecal
sludge management and reduce public health risks from ex-
posure to fecal contamination in the urban environment.
Addressing the water and sanitation needs of low-income
urban populations poses complex challenges. Improvements
in sanitation infrastructure are difficult because of rapid
growth, lack of space, and the illegal status of many slums.19
Uncertain housing tenure impedes residents’ ability and mo-
tivation to make sanitation infrastructure improvements.20,21
Many governments in low-income countries have scarce re-
sources to provide adequate water and sanitation services to
growing populations.22 Urban sanitation investments are of-
ten driven by engineering and drainage considerations and
tend to prioritize business districts rather than public health
needs.7,23
There are relatively few descriptions in the scientific litera-
ture of sanitation interventions that reduced the enteric dis-
ease burden in urban settings.19 Lack of progress in this area
may stem in part from inadequate information about the rel-
ative public health importance of specific exposure pathways
to fecal contamination (i.e., routes such as drinking water,
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open drains, floodwaters, etc.). In urban settings with com-
plex, interrelated exposure pathways, sanitation interventions
at the household level may do little to reduce overall exposure
to fecal contamination, and subsequent risk of enteric dis-
ease, if exposure is not also reduced in the public domain.24,25
For example, a study of a piped sewerage intervention in a city
in Brazil reported a 22% reduction of diarrhea prevalence in
children under 3 years of age. The investigators noted that the
presence of an indoor toilet was not associatedwith reduction
in diarrhea, but neighborhood coverage with sewerage was
associated with a reduction in diarrhea.26 The study empha-
sized the need for sanitation interventions in thepublic domain
to reduce exposure to fecal contamination both in and outside
the household environment. Public domain interventions are
especially important in densely populated urban environ-
ments where the division between public and private space is
less distinct. In many low-income, urban environments, fam-
ilies use public spaces for traditionally domestic (private do-
main) activities such as food preparation, and the private
domain is frequently used for public purposes, such as the
operation of small businesses.27 The abundant sources of
fecal contaminationwithin thepublic domain, combinedwith a
wide range of exposure behaviors and high population den-
sity, place urban residents, especially children, at a high risk of
exposure to fecal contamination.28
The SaniPath Study. This study focuses on exposure
assessment and was designed to characterize risks from
fecal contamination in low-income, urban environments and
identify the dominant fecal exposure pathways. The inter-
disciplinary approach presented in this study is novel in
a number of ways: 1) The data collection strategy was
based on requirements for quantitative microbial risk as-
sessment (QMRA); 2) The study included a comprehensive
set of substudies of a wide range of exposures in both the
public and private domains; and 3) The breadth of data,
both microbial and behavioral, generated from a single
setting is unmatched. This article describes the rationale,
design, study sites, methods, and analytical approach of the
SaniPath Study, and highlights and synthesizes key findings.
Approaches to estimating risks from exposure to
fecal contamination. Shuval and others proposed the theory
that, at the lower end of the socioeconomic spectrum, there is
a threshold below which investments in water and sanitation
alone result in little detectable improvement in health out-
comes.29 The authors suggested that under conditions of
multiple and simultaneous routes of disease transmission,
and where levels of nutrition and personal hygiene are low,
reducing exposure by targeting a nondominant pathway (e.g.,
improving the public water supply) would not necessarily re-
sult in improved health outcomes. This theory is consistent
with numerous reports of water, sanitation, and hygiene
(WASH) interventions that have failed to demonstrate im-
proved health outcomes.30,31Understandingwhich pathway(s)
are the dominant routes of exposure can help decision-makers
plan interventions that are more likely to maximize the public
health benefit.
Dominant exposure pathways may be identified through
epidemiological studies that examine the effects of in-
tervention(s) on health outcomes. Briscoe demonstrated that
due to nonlinear dose-response curves, if diarrheal disease
incidence falls sharply after aWASH intervention, the affected
route can be considered the primary route of transmission.
However, if the disease incidence does not fall sharply, no
conclusions can be drawn about the relative importance of
different exposure routes.32 Additionally, Briscoe explained
how reducing transmission from a known dominant trans-
mission route may be necessary but not sufficient to reduce
disease incidence if there are significant secondary trans-
mission routes. Alternative approaches are needed to assess
the relative importance of fecal exposure routes in complex,
highly contaminated environments. Figure 1 illustrates how
public health impact may be maximized by targeting WASH
interventions toward dominant fecal exposure pathways.
Epidemiological studies of sanitation and health often use
incidence of diarrheal disease or anthropometric indicators as
an outcome and subsequently seek to characterize expo-
sures. Health outcome data on enteric diseases are chal-
lenging to collect and interpret. For example, studies typically
rely on self-report or clinical records to measure diarrheal
disease incidence. Self-reported diarrhea is subject to biases,
and clinical data underestimates the true burden of enteric
infection. Diarrhea surveillance is costly, and without stool
samples, enteric infection cannot be confirmed or linked to
specific pathogens. Furthermore, even in the absence of
symptoms, enteric infection hasbeen shown to bedetrimental
to child growth and development.33
Instead of attempting to measure health outcomes directly
this study aims toquantify exposure, to fecal contamination as
a proxy for health effects. QMRA uses data on pathogen
concentrations and human behaviors related to intake of fecal
contamination to estimate exposure risk. Compared with ep-
idemiological studies, QMRA is better suited to examine low
levels of risk and health effects that are difficult to measure.34
Focusing on exposure recognizes the fundamental concept
that health effects are conditional on exposure and without
exposure there would be no health effects. However, extrap-
olating from exposure to health effects may overestimate the
risk of health effects because 1) due to differences in immu-
nity, not all who are exposed will develop health effects;
2) some acute health effects will be toomild to bemeasurable;
and 3) other, long-term health effects will be delayed in onset,
so that they may not be measured during the timeframe of an
epidemiological study. Conversely, epidemiological studies
that focus on the relation between interventions and pop-
ulation health tend to underestimate risk, because of under-
ascertainment and underreporting of health outcomes. The
true burden of health effects may be bounded by the QMRA
estimates of exposure and epidemiologic estimates of health
effects. This gap between risk assessment and epidemiol-
ogy becomes even more relevant as additional health out-
comes associated with fecal exposure (e.g., environmental
enteropathy, stunting, and cognitive deficits) are being
recognized.35,36 In this context, not only short-term exposure
may be relevant, but cumulative exposure over extended pe-
riods is also important, similar to considering the risks posed
by chronic exposure to toxic substances or ionizing radiation.
The World Health Organization (WHO) uses a QMRA
framework to assess sanitation-related public health risks
from wastewater irrigation and as the evidence base for the
WHO Water Safety Planning and Sanitation Safety Planning
methodologies.37–39 We suggest that fecal exposure path-
ways could be ranked to provide guidance on where to target
WASH interventions, which may lead to reduction of adverse
health outcomes.
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QMRA studies often focus on a single environmental ex-
posure pathway (e.g., drinking water) and estimate the health
risk attributable to that pathway (for a target pathogen). The
majority of QMRA studies in low- and middle-income
countries have focused on enteric disease risk from drink-
ing water or drainage channels.40–45 In low-income, urban
environments with poor sanitation, human and animal ex-
creta contaminate multiple environmental compartments
M
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FIGURE 1. Maximizingpublic health impactby targetingsanitation interventions towarddominant fecal exposurepathways.This figureappears in
color at www.ajtmh.org.
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simultaneously, and the combined contamination in these
compartments (drinking water, foods, contact with sur-
faces, bathing water, etc.) contributes to total fecal expo-
sure. As the health risks associated with exposure depend
on the magnitude of exposure (the dose), it is essential to
obtain quantitative information about the concentrations of
fecal microbes in all the relevant environmental compart-
ments, as well as the duration, frequency, and type (contact
or ingestion) of exposure.
Few exposure assessments have objectively quantified
exposure behavior and fecal contamination associated with
multiple pathways in low-income urban environments. Pre-
viousstudies have reliedonperceived risks andexpert opinion
regarding environmental health hazards.46–49 Given the nu-
merous and varied exposure routes, assessing fecal con-
tamination in this manner is problematic. A 2010 QMRA study
by Labite and others collected environmental samples to as-
sess multiple sources of exposure to fecal contamination in
Accra, Ghana, but the sample collection and microbiological
analyses used to quantify environmental contamination were
limited.50 Another QMRA study by Katukiza and others ana-
lyzedenvironmental samples for a variety of enteric pathogens
to assess pathways of exposure to fecal contamination in
densely populated settlements in Kampala, Uganda.51 Both
studies used assumptions about the frequency and type of
contact with fecal contamination. The studies used point es-
timates of intake volumes and frequency of exposure, rather
than distributions, without information about uncertainty of
the estimates. Additionally, the studies assumed each path-
way was independent and there was no interaction between
exposure pathways and hygiene behaviors.
Comprehensive data on multiple exposure routes in com-
plex, low-income urban environments are needed for quanti-
tative exposure assessment and to identify the fecal exposure
pathways that pose the greatest public health risk. To address
this need, we conducted an in-depth, interdisciplinary re-
search study to characterize pathways of exposure to fecal
contamination in four low-income urban neighborhoods in
Accra,Ghana.Wemeasured concentrations of fecalmicrobes
in the environment and characterized the behavior of adults
and children that were associated with exposure to fecal
contamination. The goal of the SaniPath Studywas to provide
public health evidence to inform WASH intervention strate-
gies, investments, and policies to more effectively target the
critical exposure pathways.
METHODS
Study design. Fecal exposure pathways in both public and
private domains were assessed in eight substudies of the
public domain: beaches, public toilets, schools, nurseries,
open drains, markets, urban agricultural areas, and flood
zones. Fecal exposure pathways within the private household
domain were also examined. Each substudy focused on a
specific setting and the fecal exposure pathways relevant to
that setting. This approach allowed for comparison of risk of
exposure to fecal contamination within and across exposure
pathways. The substudies and relevant exposure pathways
were identified through literature review and pilot fieldwork
and were vetted with members of a local advisory board.
Most of the substudies focused on public domain expo-
sures because 1) this is the area that is most amenable to
public sanitation investment, and 2) in crowded, low-income
areas, the majority of exposure behavior occurs in communal
space. However, the private domain (household) is where
children under 5 years of age, the group most vulnerable to,
and impacted by, the health risks of poor sanitation, spend the
majority of their time. Therefore, the household substudy in-
cluded detailed data collection on child behavior and more
extensive environmental sampling.
Study site: Accra, Ghana. The SaniPath Study was con-
ducted over a 16-month period from June 2011 to December
2012. Accra, the capital city, had an estimated population of
over 2.1million in 2010andagrowth rate of 3.1%per year.52,53
In 2011, itwasestimated that 38.4%of thepopulationofAccra
lived in slums.54 Common to many rapidly growing cities in
sub-Saharan Africa, basic water and sanitation services have
not matched growth. Within the Greater Accra Metropolitan
Area (GAMA), 15% of residents are served by a sewerage
system, 41% rely on fee-for-use public toilets, 33% have
on-site facilities, 3% use bucket or pan latrines, and 7% do
not have access to any improved sanitation facility.55 In
GAMA, 64% of households have access to piped water,53
but the supply is intermittent due to high demand on water
infrastructure.56
There is no operational public sewage treatment facility in
Accra, and at the time of the study, most fecal sludge from
public and private toilets was discharged directly into the
ocean by tanker trucks and marine outfalls. Coastal commu-
nities use beaches for economic (e.g., fishing and markets)
and recreational purposes. Open drains transport excreta,
wastewater, storm water, and solid waste throughout the
city. A 2008 report described that over 50% of households
dischargewastewater into open drains, and just under 10%of
households safely dispose of wastewater in septic tanks.57
Average rainfall per year is 730 mm and occurs mostly during
the two rainy seasons, May to mid- July and mid-August to
October.55 Heavy rainfall and limited drainage infrastructure
result in perennial floods, causing property damage and
possible disease.58,59 Drain water containing human excreta
is commonly used for irrigation of urban agriculture, which
poses risks for farmers via contact, as well as risks to con-
sumers through raw vegetable consumption.39
Overall, Accra presents diverse fecal exposure pathways
that are representative ofmanysub-SaharanAfrican cities and
other cities in low-income countries. The setting afforded the
opportunity to collaborate with strong in-country research
partners as part of amultidisciplinary team. The research team
included one of the top reference laboratories in sub-Saharan
Africa, The Noguchi Memorial Institute for Medical Research
of the University of Ghana (NMIMR); as well as the Water
Research Institute (WRI) of the Council for Scientific and In-
dustrial Research; the Training, Research, and Networking for
Development (TREND) Group; and the International Water
Management Institute (IWMI).
Advisory boards. Two advisory boards were convened to
incorporate expert opinion into study design, methodology,
and dissemination of results. One advisory board was com-
prised of ten international experts in the fields of environmental
microbiology, behavioral data, QMRA, urban sanitation, and
spatial data analysis. The other advisory board was comprised
of fourteen Ghanaian leaders from government, academia,
nongovernmental organizations (NGOs), and civil society.
The international board provided input on methodological
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approaches, laboratory protocols, and international dissemi-
nation of results. The local board helped to identify pertinent
fecal exposure pathways, advised on study neighborhood
selection, helped contextualize findings, and guided dis-
semination of results within Ghana.
Study neighborhood selection. Study neighborhoods
were chosen to be representative of key risk conditions as-
sociated with poor containment, emptying, transport, and
treatment of human excreta and also include a mix of socio-
economic status and religion. In addition to the local advisory
board, informants from government, academia, and NGOs
in Accra were consulted regarding neighborhood selection.
Through this process, eleven candidate neighborhoods
were initially identified. Key informant interviews, commu-
nity mapping exercises, and focus group discussions were
conducted to collect information on neighborhood de-
mographics, physical characteristics, and feasibility of data
collection. Four final neighborhoods were selected: Alajo,
Bukom, Old Fadama, and Shiabu (Figure 2).
Human subjects data. Data on human subjects, including
behavioral and demographic data, were collected to 1) char-
acterize the study neighborhoods, and 2) identify and quantify
the frequency and duration of behaviors that may involve
contact with fecal contamination. The study protocol was
approved by the Institutional Review Board at Emory Univer-
sity,GA (Protocol number: IRB00051584) and theUniversity of
Ghana Noguchi Memorial Institute for Medical Research In-
stitutional Review Board (Protocol number: IRB00001276).
Human subjects data were collected between June 2011 and
September 2012. The study was verbally explained to each
participant in the language they understood and each was
given an opportunity to ask questions and have their concerns
addressed. After voluntary agreement to participate, partici-
pantswere consented. Literateparticipantswere givenwritten
consent forms to read and sign. Illiterate participants were
asked to provide a literate witness who signed on their behalf
before they were asked, in the presence of their witness, to
thumbprint the consent form. Human subjects data collection
included focus group discussions (FGDs), key informant in-
terviews (KIIs) with community leaders accompanied by
neighborhood walks, household surveys, and structured ob-
servations of adults and children. The protocols are available
on the study website (http://sanipath.org/the-tool/archived-
protocols/), and the details are described in specific papers
identified below.
Focus group discussions. Two FGDs were conducted in
each of six neighborhoods, including what would become the
four study neighborhoods. One FGD type focused on neigh-
borhood characteristics and residents’ daily routines. The
other involved discussion of water, sanitation and hygiene
practices. Detailed methods for the FGDs are described by
Hurd and others.60 FGDs were conducted for multiple pur-
poses: 1) to inform the neighborhood selection process, 2) as
formative research for the design of household surveys,
structured observation protocols, and selection of relevant
fecal exposure pathways, and 3) to identify rare or sensitive
exposures that may not be captured using quantitative
methods for data collection, such as surveys or structured
observations.
Key-informant interviews (KIIs) and neighborhood walks.
Eleven key informants were conducted with community
leaders and Environmental Health Assistants (district officers
FIGURE 2. Study area: four low-income neighborhoods in Accra, Ghana. This figure appears in color at www.ajtmh.org.
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responsible for neighborhood-level supervision of sanitation,
waste management, food hygiene, etc.) regarding neighbor-
hood characteristics and sanitation problems. After the KIIs,
respondentswere asked to take the study staff on a tour of the
neighborhood to identify critical locations of exposure to fecal
contamination (“hotspots”).
Structured observations. Structured observations were
conducted by trained observers to record the fecal exposure
and mitigation behaviors of adults and children within the
study neighborhoods. Enumerators recorded how adults and
children came in contact with sources of contamination, what
types of contact, for how long, and how frequently. Structured
observations of the behaviors of children occurred in house-
holds, nurseries, primary schools, beaches, open drains, and
public toilets. Structured observations of adults were con-
ducted at beaches, open drains, markets, urban agricultural
sites, and public toilets. Some structured observations data
of adult caregivers in households were also collected. The
structured observations not only provided critical information
on exposure behavior but were also used to guide the col-
lection of relevant environmental samples.
Structured observations were conducted for an average of
4.5 hours in 127 households, 22 nurseries, and 25 primary
schools. Over 500 hours of structured observation of 129
children under age 5 years were conducted within house-
holds. In a subset of households, during the final hour of the
observation, environmental samples (N = 441) such as food,
hand rinses, water, and swabs of frequently touched surfaces
were collected for microbial analyses. Environmental sample
collection was guided by where and how exposure was ob-
served to occur. The methods and results of the structured
observations of children under 5 years of age in the household
environment are described in Teunis and others.61
Eleven 4-hour observations (6 AM–10 AM) were conducted
on beaches in the two coastal neighborhoods. Enumerators
observed the frequency of open defecation and contact with
sand and food, as well as the frequency and duration of water
activities (swimming, wading). The locations where children
swam and played were noted for collection of seawater and
sand samples for microbial analyses.
Weekly observations at public toilets were conducted in
each neighborhood. Data on user demographics and hand-
washing behavior were recorded. Observations were also
used to inform sampling locations for surface and object
swabs, hand rinses, and soil samples. The methods and re-
sults of the public toilet substudy have been reported by
Peprah and others.62
Structured observations occurred at both urban agricultural
sites and public markets where wastewater-irrigated produce
was sold. Structured observations informed the location for
soil, produce, drain water, fly, and water samples. The data
collected at urban agricultural sites contributed to a risk as-
sessment substudy on the use of wastewater in agriculture
described by Antwi-Agyei and others.63
Forty-five, 1-hour structured observations of children and
adults’ behavior around open drains were conducted in the
study neighborhoods. The frequencies of contact with drains
and type of contact (defecating into drain, entering drain, etc.)
were recorded. Structured observations informed the loca-
tions for drain water sample collection. Data from this sub-
study contributed to an assessment of exposure to fecal
contamination from open drains described by Gretsch and
others.64
Household surveys. To better understand the characteristics
of the four study neighborhoods and assess the generalizability
of the findings, 800 surveys (200 per study neighborhood) were
conducted ina representative sampleofhouseholds.Datawere
collected on population density, demographic characteristics,
socioeconomic status, dwelling construction materials, extent
of flooding, household sanitation infrastructure, WASH prac-
tices, and solid waste management.
Environmental microbiology data. The goal of the envi-
ronmental sample collection was to characterize the order of
magnitude and the variability in fecal contamination in all
the studied environments and sample types. We originally
planned to collect 10 samples of each type in each setting for
each of the four study neighborhoods. In addition, for some
types of samples we planned replicate sample collection
during the dry season and the rainy season. Over 1,800 en-
vironmental samples of drinking water, ocean water, flood
water, drain water, fecal sludge from public toilets, hand rin-
ses, sand, soil, drain sediment, raw produce, vendor foods,
surface and object swabs, and flies were collected and ana-
lyzed. Due to financial and logistical constraints, the realized
sample numbers were different from the original plan. More
samples were taken of surface waters (flood, ditch, sewage),
drinking water sources, raw produce, and soil samples. Fewer
samples were taken of sachet water, ocean water, vended
food, hand rinse, sand, and sediment samples.
Ultrafiltration and membrane filtration methods were used
to concentrate samples and Escherichia coli, enterococci,
and coliphage were detected by standard culture methods;
enteric viruses (norovirus and adenovirus) were detected by
quantitative real time polymerase chain reaction. Details of
the sample processing and microbiological analytic meth-
ods are provided on the study website (http://sanipath.
org/the-tool/archived-protocols/).
Microbial target organisms. The environmental samples
were analyzed for microorganisms chosen to provide in-
formation on presence of overall and human-specific fecal
contamination. The goal was to select enteric pathogens that
were endemic in the local population, human-specific when
possible, excreted by both adults and children, persistent in
the environment, and not highly seasonal. In addition, the
selection of target organisms considered whether there were
quantitative laboratory methods to detect the organism in
environmental samples because the exposure assessment
models required quantitative data. Based on these criteria,
some microorganisms were excluded. Cryptosporidium par-
vum andGiardia lambliawere not selected because detection
of these organisms in environmental samples is not specific
for human fecal contamination. Campylobacter, Salmonella,
Shigella, andVibrio choleraewere also excludedbecause they
are less persistent in the environment than viruses and are
more expensive to detect than E. coli. Furthermore, because
detecting these pathogens in environmental samples usually
requires an enrichment step, it is difficult to estimate the
original concentration in the sample. Rotavirus was excluded
due to the initiation of a vaccination campaign in Accra in 2012
and seasonal peaks in rotavirus infection in Ghana.65,66 The
data from this study are some of the first, in addition to the
work bySilvermanandothers, to establish the occurrence and
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concentration of enteric viruses in environmental samples in
low-income urban environments.67
Escherichia coli and enterococci. While E. coli and entero-
cocci have limitations as surrogates for all enteric pathogens,
they are commonly used as fecal indicator organisms for en-
vironmental samples and serve asmarkers of both human and
animal fecal contamination. All environmental samples were
analyzed for E. coli. Enterococci are more fecal-specific and
persistent in the environment and have been used as
indicators of hand hygiene.68–70 Hand rinse samples were
analyzed for both enterococci and E. coli to assess both
long-term and more recent fecal contamination.
Somatic coliphage. Coliphage, viruses that infect E. coli,
were selected as they are surrogates for enteric viral patho-
gens. They are more persistent in the environment and more
resistant to water and wastewater treatment processes than
fecal indicator bacteria.71 The detection of coliphage is easier
andmore economical than detection of human enteric viruses
using PCR, making this a more feasible method for laborato-
ries with limited resources.
Norovirus. Noroviruses are epidemiologically important
pathogens and may serve as an indicator of human fecal
contamination in the environment.72 Infection with nor-
oviruses is a common cause of epidemic and endemic viral
gastroenteritis worldwide, in both adults and children.73 A
study by Armah and others found that 15.9% of 89 diarrheal
stool samples from Ghanaian children were positive for nor-
oviruses, confirming the presence of norovirus in Ghana.74
Furthermore, noroviruses are very persistent in the environ-
ment and can indicate historic fecal contamination.72,75
Adenovirus. Adenovirus serotypes 40 and 41 cause acute
gastroenteritis and are a commoncause of diarrhea in children
worldwide. Several studies in sub-SaharanAfrica report a high
prevalence of adenovirus in pediatric stool samples and the
detection of adenoviruses in various types of environmental
samples.76–78 These viruses are relatively persistent in various
environmental media, and infectionsmay occur year-round.79
Adenoviruses 40 and 41 may be used as markers of human
fecal contamination.79
Data analyses. The primary aim of this study was to con-
duct a quantitative assessment of exposure to fecal contam-
ination for residents of low-income urban neighborhoods.
Novel analyses of the behavioral data characterized the fre-
quency, duration, and sequence of behaviors associated with
exposure to fecal contamination. Behaviors that mitigated
exposure were also included in the analyses. The structured
observation data on children in households and nurseries
were examined to quantify the probability that children exhibit
key exposure behaviors (such as contact with contaminated
floors or open drains). Network approaches were used to
identify key sequences of activities (such as handwashing
before eating, or bathing after defecation), and a quantitative
behavior model was developed using behaviors and se-
quences of activities as determinants for contact with fecal
microbes.61
Analyses of the environmental microbiology data examined
themagnitude anddistribution of the various target organisms
in different sample types and within different exposure path-
ways. Based on rainfall data obtained from the Ghana Mete-
orological Agency, the environmental samples were classified
by whether they were collected on either a day of and day
following rainfall or a day without rainfall.
The analytic strategy for the exposure assessment com-
bined quantitative data on behaviors that bring people into
contact with fecal contamination and quantitative data on the
magnitude of fecal contamination across the studied path-
ways. A novel simulation model was developed based on the
analysis of child behavior in the private domain (Wang and
others, companion paper).80 The model generated a timeline
of child behaviors and corresponding locations where these
behaviors occurred. Using the simulation model, a simulated
child’s intake of microbes was estimated for all the studied
exposure pathways within the household environment. For
any behavioral state involving contact with the environment,
the behavior and location were used to link to the appropriate
environmental sample type and corresponding microbial
concentration. For example, the behavioral event of a child
playingonadirt floorwas linkedwith the concentrationof fecal
microbes in soil samples fromwithin households. The timeline
structure of the model followed a simulated child’s exposure
to fecal contamination throughout an entire day, so that it was
possible to infer the variability in the numbers of fecal mi-
crobes that attached and detached from the hand through
repeated touching, and the numbers of fecal microbes that
were ingested. The simulationmodel traced anymicrobes that
were ingested via hands, food, water or soil back to their
original source (i.e., soil, food, floors, open drains, surfaces,
water, etc.) so that the contributions of each fecal exposure
pathway could be assessed (Wang and others, companion
paper).80
KEY FINDINGS
Results of the SaniPath Study are presented in a series of
articles and others that are in preparation.60–64 This section
highlights and synthesizes the key study findings and sum-
marizes the quantitative assessment of exposure to fecal
contamination for young children within the household sub-
study. A detailed description of this analysis and results by
Wang and others can be found in a companion article.80 Fu-
ture manuscripts will describe the quantitative assessment of
exposure to fecal contamination in the public domain for both
adults and children.
The study neighborhoods are representative of a range of
conditions characteristic of low-income urban neighborhoods
in Accra (Table 1). Compared with the other three neighbor-
hoods, Alajo has more residents of mixed socioeconomic
status (SES), urban agriculture sites, private toilets, and large
open drains. Bukom is an indigenous community with long-
term residents and is located on the coastline with a beach
used for economic activity (fishing, market, etc.). Bukomhas a
high prevalence of public latrine use. Shiabu is of mixed SES,
close to a citywide fecal sludge dumping site (Lavender Hill),
and has a beachwith much less public activity than in Bukom.
Old Fadama is considered an illegal squatter settlement by the
government and thus has very little infrastructure, is home to
new immigrants to Accra, and is comprised of a very low SES
population. Over half of all compounds in each neighbor-
hood operated a business from their home. Across the four
neighborhoods, the proportion of households with sanitation
ranged from 2% to 58%, and there was heavy reliance on
shared toilets and public pay-per-use toilets. Over 60%of 400
households surveyed in two of the study neighborhoods re-
ported using public toilets every day despite dissatisfaction
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with the cleanliness, service and costs of public toilets.62
While many key characteristics of the neighborhoods of Alajo
and Shiabu are similar (e.g., similar population density and
proportion with in home/compound sanitation), the average
estimated daily exposure dose of fecal contamination for
young children was more than 10,000 times higher in Shiabu
compared with Alajo80 – suggesting that exposure to fecal
contamination is determined by more complex factors than
population density and sanitation coverage.
Over 1,800 environmental samples were collected and an-
alyzed for E. coli, enterococci, coliphage, norovirus, and ad-
enovirus (Table 2). Many of the sample types had highly
variable concentrations of fecal microorganisms; therefore,
the total number of samples collected of each sample type
was influenced, in part, by the observed variability in con-
centrations of fecal microorganisms (i.e., more samples were
collected from sources with highly variable concentrations).
The majority of samples were concentrated in the household
substudy. Sample types with the largest number of samples
included hand rinses (N = 287), produce from markets (N =
204), soil samples (N = 273), and surface swabs (N = 273).
Sample collection extendedover 10months, during both rainy
and dry seasons, to examine the effect of seasonality on fecal
contamination in the environment. Of the 1,845 environmental
samples tested for E. coli, 31%were collected on a day of or a
day after a rainfall event. Overall, the median log10 E. coli
concentration in samples collected on days without rainfall
was similar to that for samples collected on days with, and
days immediately following, rainfall.
Overall, the results indicate widespread and often high
levels of fecal contamination in these poor urban neighbor-
hoods and frequent direct contact and exposure to feces by
adults and children. Sanitation access and services, aswell as
fecal sludgemanagement, were generally poor. About 20%of
household toilets discharged directly into open drains that
were nearly ubiquitous along every street and alley. Spatial
analyses are in progress to examine the distribution of fecal
contamination throughout the neighborhoods.
The results from the focus group discussions indicated that
the residents were very aware of fecal contamination in the
public domain and frustrated at how difficult it was to avoid
exposure to this contamination, both for themselves and for
their children, during their range of daily activities60 The focus
group participants also described numerous ways that fecal
contamination in the public domain entered their households
via feet and shoes, flooding of clogged open drains, and wind
and rain moving fecal-contaminated soil and refuse into the
household. This concern is substantiated by our microbio-
logical analyses of household samples indicating high con-
centrations of E. coli in soil (geometric mean E. coli
concentration [CFUper gram] 460.4, range: 0.9–8,000) and on
indoor surfaces (surface swab geometric mean E. coli con-
centration [CFU per cm2], 3.5 range: 0.1–98.4).
In thehouseholddomain, data fromstructuredobservations
were quantitatively modeled to describe child behavior in the
four study neighborhoods over the course of a typical day.61
Very young children (< 1 year) spent most of their time playing
or sleeping off the ground, but children between the ages of
1–5 years frequently played and ate while sitting on concrete
or dirt floors of the household. The structured observations
also documented that handwashing rarely occurred after
defecation or before eating.61 Microbiological analyses of
hand rinse samples fromyoung children showed the presence
of high concentrations of E. coli and enterococci (geometric
TABLE 1
Characteristics of study neighborhoods
Population characteristic
Neighborhood
Alajo Bukom Old Fadama Shiabu
Population density* (per square km) 21,475 75,927 50,835 21,594
Estimated total population* 34,360 27,030 28,010 32,520
Neighborhood area (square km) 1.60 0.36 0.55 1.51
Type of settlement Formal Formal Squatter Mixed
Location Inland Coastal Inland Coastal
Flood prone Yes No Yes Yes
Near major market No Yes Yes No
Data below based on survey of 800 households (200 per neighborhood)
% With child under 5 42 46 55 45
% With no formal education 13 14 44 9
% Christian 79 88 38 97
% Muslim 22 8 61 3
% Own their home 52 80 64 55
Average years of residency 14 28 8 12
Average no. households in compound 7 5 2 9
% Operating business from
compound/home
60 68 51 57
% Keeping animals in the
compound/home
65 42 28 70
% Using sachet water as primary
drinking water source
77 72 93 75
% With sanitation facility in
compound/home
58 7 2 46
% With refrigerator in the
compound/home
74 53 30 73
% Of compounds/homes that own a
car
26 6 4 17
*Ghana Statistical Service (2013) 2010 Population and Housing Census, Accra, Ghana.48
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mean E. coli concentration [colony-forming units (CFU) per
pair of hands] = 247.9, range 2.3–3.2 × 104; geometric mean
enterococci concentration [CFU per pair of hands] = 1,941,
range: 22.5–8.4 × 104).
The QMRA focused on exposures of young children in the
private domain because that is where they spent the majority
of their time. Estimated total fecal exposure via ingestion
varied by child age and neighborhood and ranged between
108–1016 CFU per day of E. coli (Wang and others, companion
paper).80 Contaminated food contributedmore than 99.9% to
the total fecal exposure for children under five in all study
neighborhoods. Microbiological results indicated that the
produce,whichwas usually irrigatedwithwastewater from the
open drains, was highly contaminated (geometricmeanE. coli
concentration [CFU per produce item] = 5,910.8, range
1.1–106). High proportions of both adults and children re-
ported frequently eating uncooked vegetables. Hands played
a pivotal role in the transfer of fecal microbes from contami-
nated environmental surfaces to ingestion. The municipal
water supply contributed only a small portion of fecal expo-
sure because of the lower levels ofE. coli and low frequency of
reported consumption. Across the four study neighborhoods,
80% of residents reported sachet water as their primary
drinking water source. Sachet water consumption was espe-
cially prevalent in the poorest neighborhood, Old Fadama.
Quantitative assessment of the risk associated with contact
with open drains for children under 13 years of age (based on
structured observations and microbiological analyses) dem-
onstrated that any contact was associated with a high expo-
sure to fecal microbes because of the magnitude of
contamination (E. coli geometric mean = 4.5 × 108 CFU/100
mL, range = 4.5 × 106–1.5 × 1011 of drain water).64
Future manuscripts will describe and compare exposure to
fecal contamination across pathways in the public domain for
both adults and children.
IMPLICATIONS
Previous studies of Accra have concluded that the open
drains posed the greatest risk to public health.50 The SaniPath
Study also observed substantial risk associated with any
contact with open drains because of the magnitude of fecal
contamination in these drains.64 However, for young children,
our results indicate that the dominant exposure pathway was
through food and demonstrate the critical link between poor
sanitation and food safety. This has important implications for
the “WASH sector” – that typically includes only water, sani-
tation, and hygiene and ignores food safety. Urban agriculture
is a key contributor to the food supply in many cities in sub-
Saharan Africa, and wastewater irrigation is a common prac-
tice.39 Yet, our study reveals that this exposure pathway
combines high frequency of exposure and high “doses” of
fecal contamination – making it a high-risk pathway that
should be a priority for intervention (Wang and others, com-
panion paper). Furthermore, produce can be a vehicle for fecal
contamination to move across the city from poor urban
neighborhoods into middle- upper-income neighborhoods
due to the fact that markets may sell produce grown in these
neighborhoods all over the city. Finally, the large proportion of
adults and children that reported regularly consuming pro-
duce also points to a shift away from traditional diets among
urban populations. This may be due in part to heavily reliance
of poor populations on street-vended food with entrees that
often included salads.81 Another shift in consumption habits is
representedby the low ratesof reported consumptionof piped
municipal water, a finding that was also observed by Stoler
and others.82
This study also indicates the important interconnections
between the different fecal exposure pathways. Poor sanita-
tion and fecal sludge management leads to fecal contamina-
tion of open drains and the food supply. Widespread fecal
contamination in the public domain is also reflected in high
levels of E. coli on floors and surfaces in the private domain
that may in turn cause further contamination of hands, food
and objects that come into contact with these surfaces and
then enter the mouths of young children. Furthermore, the
spatial distribution of fecal contamination in the neighborhood
can be influenced by clusters of sanitation infrastructure or
behaviors. Because of these complex interactions, the risk
of exposure to fecal contamination cannot be predicted
by neighborhood-level estimates of population density and
sanitation coverage and requires data on multiple exposure
pathways and use of sophisticated modeling approaches.
In Ghana, in response to the study findings, the Ministry of
Local Government and Rural Development, in conjunction
with theMinistry ofWater Resources,Works andHousing, set
up a committee of experts to mainstream the study findings
and recommendations into national communication cam-
paigns against poor sanitation. Further in-country dissemi-
nation of study findings, with the support of the local advisory
board, has occurred through policy briefs, neighborhood
meetings, national conferences, and television interviews
highlighting the study findings and public health risks of poor
sanitation (see SaniPath.org).
The SaniPath Study started with a 16-month, in-depth, in-
terdisciplinary exposure assessment to identify, characterize,
and prioritize fecal exposure pathways. While it was a nec-
essary first step to create a very detailed picture of the fecal
exposures in a range of low-income, urban neighborhoods,
this type of resource-intensive data collection process is not
feasible for most low-income cities. This first phase of the
SaniPath Study served as both as a proof-of-concept to
demonstrate that a comprehensive fecal exposure risk as-
sessment could be accomplished in a low-income country
setting and also to identify what data and methods were crit-
ical for the exposure assessment.
This study had some limitations. First, we recognize that
these results come from only four neighborhoods in a city of
approximately 2 million people. Although these neighbor-
hoods were chosen to represent a range of conditions in low-
income neighborhoods, our findingsmay not be generalizable
to all of Accra or other cities in sub-Saharan Africa. In partic-
ular, these findings may not be generalizable to cities in dry
climates or where there is better fecal sludge management.
Different cultural norms and practices will influence exposure
behavior – such as the type and coverage of sanitation facili-
ties, increased reliance on municipal drinking water, routine
household water treatment, diets that do not include con-
sumption of raw produce, or where wastewater is not used for
irrigation of food crops.
Despite the large number of environmental samples that
were collected in this study, it was still not possible to cover
the geographic area of thewhole neighborhood.Our sampling
strategy was purposeful and was based on reported
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exposures and hazards. However, this resulted in some geo-
graphic locations with few or no samples. Some samples,
such as fecal sludge from public latrines, proved to be ex-
tremely difficult to access and collect. When the environ-
mental samples are stratified by type, neighborhood and
season, the sample size becomes small and limits some types
of analyses.
The microbiological data generated in this study make a
significant contribution to the limited evidence base regarding
environmental contamination of low-income, urban neigh-
borhoods. The intent of the microbiological analyses was not
to make high resolution comparisons between different types
of samples or contamination in different neighborhoods, but
rather toprovide informationon theorder ofmagnitudeof fecal
contamination in different compartments of the environment
and identify large differences between neighborhoods to help
prioritize interventions. While this goal was met, we recognize
that there are inherent limitations to the use of fecal indicator
organismsandmethods todetect pathogens in environmental
samples. One important limitation for sanitation investment
decisions is lack of differentiation between human and animal
fecal contamination.
While we collected extensive structured observation data in
households, our observation data in the public domain (bea-
ches, schools, public latrines, nurseries, and open drains) is
much lesscomprehensive, and thishasbeenchallenging forour
QMRA analyses of exposure pathways in the public domain.
Finally, this QMRAstudy focuses on risks of exposure and it
is difficult to extrapolate from exposure to health effects.
However, health effects are conditional on exposure andmore
knowledge of exposure characteristics can guide the design
of relevant interventions.
Future directions. Applying the lessons from the in-depth
investigation in Accra, the second phase of the SaniPath
Study developed a streamlined tool to compare risks of ex-
posure to fecal contamination within and across neighbor-
hoods of a city using lower-cost, lower-resource approaches.
The SaniPath Tool (see SaniPath.org formore information) is a
simplified, but still informative and rigorous, means to com-
pare exposure risks using a basic assessment of the magni-
tude of environmental contamination (concentration of E. coli)
and the frequency and types of exposure behaviors of adults
and children. It considers risks of exposure to fecal contami-
nation from multiple exposure pathways associated with
inadequate sanitation and fecal sludge management in-
frastructure and services. The tool guides users in under-
standing which components drive risk (frequency of behavior
versus magnitude of fecal contamination) and which path-
ways contribute the most to the risk of exposure to fecal
contamination in specific contexts. Development, application,
and evaluation of this tool in Accra, Ghana; Vellore, India;
Maputo, Mozambique; Siem Reap, Cambodia; and Atlanta,
United States have recently been completed and will be de-
scribed in future reports. These applications of the tool will
allow us to compare exposure behaviors and magnitude of
fecal contamination in the public domain in diverse urban
conditions.
The 2015 Sustainable Development Goals (SDG) include
targets for not only improving access to toilets but also halving
the proportion of wastewater that does not receive treatment.
The fecal waste flow diagrams from many cities show that
most fecal sludge stays in the residential environment and is
untreated.18Currently, poor sanitation infrastructure inmany low-
income,urbanneighborhoods fails topreventhumancontactwith
fecal contamination. Cities are particularly important places for
identifyingdominant fecal exposurepathwaysdue to the size and
density of the populations at risk, the complex nature of human-
human and human-environment interactions, and the overlap of
risks in the public and private domains. Innovations in
sustainable sanitation services and policies in urban set-
tings are contingent on better understanding of the nature of
fecal exposures in urban environments and the associated
public health risks. Comprehensive data on multiple exposure
pathways in urban settings can be used to better target inter-
ventions toward the fecal pathways that pose the greatest ex-
posure risk to vulnerable populations. The SaniPath Study is a
first step to improve our understanding of risks from fecal
contamination in urban settings in low-income countries and
ultimately develop effective strategies to reduce these risks.
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